It is now well established that the mammalian brain has the capacity to produce new neurons into adulthood. One such region that provides the proper milieu to sustain progenitor cells and is permissive to neuronal fate determination is located in the dentate gyrus of the hippocampus. This review will discuss in detail the complex process of adult hippocampal neurogenesis, including proliferation, differentiation, survival, and incorporation into neuronal networks. The regulation of this phenomenon by a number of factors is described, including neurotransmitter systems, growth factors, paracrine signaling molecules, neuropeptides, transcription factors, endogenous psychotropic systems, sex hormones, stress, and others. This review also addresses the functional significance of adult born hippocampal granule cells with regard to hippocampal circuitry dynamics and behavior. Furthermore, the relevance of perturbations in adult hippocampal neurogenesis to the pathophysiology of various disease states, including depression, schizophrenia, epilepsy, and diabetes are examined. Finally, this review discusses the potential of using hippocampal neurogenesis as a therapeutic target for these disorders.
shown in the brain of adult rats. Joseph Altman and colleagues used tritiated thymidine, a nucleoside that is taken up by cells synthesizing DNA in preparation for cell division, to provide autoradiographic evidence for the production of new neurons in the dentate gyrus of the hippocampus in adult rats (Altman, 1963; Altman and Das, 1965b) . He was also the first to find the postnatal generation of cells in the subventricular zone (SVZ) (Altman and Das, 1965a) and described in detail their migration path to the olfactory bulb where they became neurons (Altman, 1969) . However, at the time, these results were not accepted by the neuroscience community because there was insufficient evidence that the labeled cells were neurons, and it was thought that cells undergoing DNA repair might been partly responsible for the labeling.
Fifteen years later, Michael Kaplan corroborated the results of Altman in the hippocampus and olfactory bulb by using electron microscopic techniques to prove the neuronal nature of the cells labeled with tritiated thymidine (Kaplan and Hinds, 1977; Kaplan and Bell, 1984; Kaplan et al., 1985) . Since the cellular phenotype was based on purely morphological criteria, and neuron-specific immunohistochemical markers did not yet exist, the vast majority of the neuroscience community still did not accept Kaplan's results.
Fernando Nottebohm, demonstrating that a substantial number of new neurons are produced in the song system of adult birds (Goldman and Nottebohm, 1983; Burd and Nottebohm, 1985) , rekindled the interest of studying adult mammalian neurogenesis in the 1980's. Heather Cameron and Elizabeth Gould made the third rediscovery of adult hippocampal neurogenesis (Gould et al., 1992; Cameron et al., 1993b) in the rat. It was during this time in the early 1990's, that 5-bromo-3'-deoxyuridine (BrdU) was developed. BrdU labeling is conceptually similar to tritiated thymidine, in that it labels mitotically active cells. However, BrdU is detected using immunohistochemistry and can be combined with neuronal and/or glial markers in order to identify cellular phenotype using confocal microscopy.
Adult hippocampal neurogenesis has now been demonstrated in mammals more related to humans. It has been shown to occur in the tree shrew, an animal phylogenetically between insectivores and primates (Gould et al., 1997) . This process has also been demonstrated in primates, including the marmoset, a New World monkey , as well as in the macaque, an Old World primate (Gould et al., 1999c; Kornack and Rakic, 1999) . Although the relative rate of hippocampal neurogenesis in the adult macaque is approximately 10-fold lower than in the adult rodent (Kornack and Rakic, 1999) , the majority of these newly born cells mature into neurons, similar to the rodent . Moreover, the rate of neurogenesis in the dentate gyrus was lower in older macaques and decreased linearly with age (Leuner et al., 2007) . This decline occurs in midlife before the onset of old age, and was comparable to the decline found in rats and mice (Leuner et al., 2007) . Most importantly, adult hippocampal neurogenesis has been measured in human post-mortem tissue using BrdU (Eriksson et al., 1998) and Ki-67 (Reif et al., 2006) . Recently, in vivo imaging has been used to identify a metabolic biomarker for neural stem and progenitor cells in the brains of living humans (Manganas et al., 2007) . This biomarker allowed for the detection and quantification of neural precursor cells, and demonstrated an age-related decline from preadolescence (8-10 years old) to adulthood (30-35 years old) in humans (Manganas et al., 2007) . This age-related decline in proliferative activity strikingly parallels the decline observed in rodents and primates. Forty years following the original description by Altman, adult mammalian neurogenesis has been firmly established across distinct species and has finally gained acceptance by the neuroscience community.
Neurogenic brain regions
A brain region that supports neurogenesis is classified as neurogenic. Neurogenic implies the presence of immature precursor cells and a microenvironment that is permissive for the production of new neurons. In the adult mammalian brain, there are two neurogenic regions that are generally accepted, the olfactory system and the hippocampus. In the olfactory system, precursor cells reside in the anterior portion of the SVZ in the walls of the lateral ventricles, migrate by 'chain migration' along the rostral migratory stream (RMS) into the olfactory bulb, where they differentiate into granule or periglomerular inhibitory interneurons (Lois and Alvarez-Buylla, 1993; Doetsch et al., 1999) . In the hippocampus, the precursor cells are found in the subgranular zone (SGZ) of dentate gyrus. These cells arise in the SGZ and migrate into the granule cell layer (GCL) where they mature into functionally excitatory granule cells. In addition to these two regions, there has been evidence for the production of new neurons in other adult brain areas, including the neocortex (Gould et al., 1999a; Gould et al., 2001; Dayer et al., 2005) , striatum (Bedard et al., 2006; Luzzati et al., 2006) , amygdala (Fowler et al., 2002) , and hypothalamus (Fowler et al., 2002; Kokoeva et al., 2005) , though there have been conflicting reports (Benraiss et al., 2001; Kornack and Rakic, 2001; Ehninger and Kempermann, 2003; Chmielnicki et al., 2004) . The process of neurogenesis will be described in detail below as it occurs in the adult hippocampus.
Neurogenesis: A complex multi-step process
Adult neurogenesis is the production of new neurons in the adult brain. The term comprises a complex process that begins with the proliferation of progenitor cells, followed by commitment to a neuronal phenotype, morphological and physiological maturation with the development of functional neuronal characteristics, and ends with the existence of a new functioning, integrated neuron.
Proliferation
Adult central nervous system (CNS) stem cells are characterized by their proliferative capacity to continue to undergo mitosis and their multipotency, that is, the ability to generate a multitude of different neuronal and glial lineages (Sohur et al., 2006) . Multipotent progenitors of the adult brain are proliferative with only limited self-renewal that can differentiate into at least two different cell lineages (McKay, 1997; Weissman et al., 2001 ). Lineage-specific precursors, or progenitor cells, are cells with restriction to one distinct lineage (i.e. neuronal, glial, and oligodendroglial). All of these types of cells are broadly classified as 'precursors.' However, the identity of 'true' CNS stem cells is still unknown.
In the adult hippocampus, the precursor cells of the dentate gyrus reside in a narrow band of tissue, the SGZ, a layer about three nuclei wide, including the basal cell band of the granule cell layer and a two nucleus-wide zone into the hilus. The SGZ contains a heterogeneous population of precursor cells. The first type of precursor cell, quiescent neural progenitors, is the putative stem cell residing in the hippocampus. These cells are multipotent, show a characteristic morphology resembling radial glia, a triangular soma with a thick apical process that reaches into the granule cell layer, upon where it branches massively (Seri et al., 2001 ). This cell type can be distinguished into two classes based on their orientation in the SGZ: radial astrocytes (rA) and horizontal astrocytes (hA) (Seri et al., 2004) . They also express the precursor cell marker protein, nestin (class IV intermediate filament), and have astrocytic properties that include the expression of the astrocytic marker protein, glial fibrillary acidic protein (GFAP), but not S100β, another astrocytic protein (Seri et al., 2004) . These cells have vascular endfeet in the SGZ and similar electrophysiological properties, such as passive membrane properties and potassium currents (Filippov et al., 2003; Fukuda et al., 2003) . They have been reported to divide rarely , which would be expected, due to their tree-like morphology and extension between blood vessels. It has been suggested that the quiescent neural progenitors undergo asymmetric division, giving rise to one daughter cell and one neuronal lineage restricted progenitor daughter cell (Kempermann et al., 2004) . This hypothesis supports the idea that the astrocytic progenitors are the highest-ranking stem cells in the SGZ.
Differentiation and migration
The daughter cells of quiescent progenitors express nestin and Sox2, but not GFAP, and have been named amplifying neural progenitors (ANPs) (Encinas et al., 2006) . These cells are labeled with BrdU at high frequency, indicating that they are mitotically active. They are often seen in clusters extending along the SGZ, and a fraction of these cells are seen separating from the quiescent progenitors after mitosis (Encinas et al., 2006) . This suggests that by undergoing asymmetric division, the quiescent neural progenitors give rise to the ANPs. The next class of cells are D cells (D2, D3), which are the intermediate precursors in the generation of new granule neurons (Seri et al., 2001) . These cells have a large, round or ovoid soma with short cytoplasm extensions oriented tangentially and a complex pattern of electrophysiological characteristics clearly different from astrocytes (Filippov et al., 2003) . They no longer express nestin or Sox2, but begin to express the polysiliated form of the neural cell adhesion molecule (PSA-NCAM). (Seri et al., 2004) . Both subclasses express the microtubule associated protein, doublecortin (DCX) (Encinas and Enikolopov, 2008 ) that is associated with both the initiation of neuronal differentiation and migration (Francis et al., 1999) , and Prox-1, an early-expressed neural lineage-specific homeobox transcription factor selective to dentate granule cells . The developing granule cells go through a transient stage of DCX and PSA-NCAM expression (Seki and Arai, 1993; Rao and Shetty, 2004) . D2 cells have short thick process, while D3 cells have the characteristics of immature granule neurons, including prominent, frequently branched, radial processes that extended through the granule cell layer and thin processes projecting into the hilus (Seri et al., 2004) . This evidence suggests that ANPs divide and give rise to postmitotic D2 cells that mature through a D3 stage to form new granule neurons (Seri et al., 2004) . At no later time-point has an overlap between glial and neuronal markers or properties been found, which suggests that if the precursor cells of the SGZ are multipotent in vivo and can give rise to both neurons and glia, this fate choice should occur on the level of the quiescent neural progenitor or the amplifying progenitor cell. In the rodent SGZ, DCX is strictly associated with neuronal lineage . However, in humans, it has recently been shown that DCX is present in several cellular compartments of differentiated astrocytes in the neocortex (Verwer et al., 2007) .
Neuronal maturation
According to three dimensional reconstruction, D-cell clusters sit on a nest of rAs, making frequent contact with mature granule neurons (Seri et al., 2004) . Postmitotic differentiation is characterized by the transient expression of DCX and the calcium-binding protein calretinin, and expression of the neuronal markers NeuN and calbindin (Kempermann, 2005) . The largest part of dendrite and axon formation is during this period Ambrogini et al., 2004) , including the transient appearance of basal dendrites (Ribak et al., 2004) . Axon elongation occurs rapidly after the cells have become postmitotic and appropriate axonal connections to CA3 are established within 4-10 days of their birth (Markakis and Gage, 1999) . During the early stages of maturation (within first week after birth), newborn cells display high input resistance and low membrane capacitance (Esposito et al., 2005; Ge et al., 2006) , and start to receive functional γ-amino butyric acid (GABA)ergic, but not glutamatergic, inputs (Esposito et al., 2005; Overstreet Wadiche et al., 2005; Ge et al., 2006) . These cells are also excited by GABA, which is crucial for the establishment of functional GABAergic and glutamatergic synaptic inputs and for regulating dendritic development (Ge et al., 2006; Overstreet-Wadiche et al., 2006a) . During the second and third weeks of maturation, the newborn cells exhibit more, but not fully, mature electrophysiological features. Functional glutamatergic inputs have been found to appear between 14 and 18 days (Esposito et al., 2005; Ge et al., 2006; Overstreet-Wadiche et al., 2006a) , along with the formation of dendritic spines and with continued dendritic growth . Seven weeks after division, new granule cells can generate action potentials, show electrophysiological responses very similar to those of surrounding older cells, and are integrated into the hippocampal circuitry (van Praag et al., 2002) . Newly born neurons also display a lower threshold for the induction of long-term potentiation (LTP) (Schmidt-Hieber et al., 2004) . Recent evidence showed that the survival of newly-born neurons is competitively regulated by their own N-methyl-D-aspartate (NDMA)-type glutamate receptor during a short period soon after birth, suggesting that the survival of new neurons and their incorporation into existing networks are regulated in an input-dependent manner (Tashiro et al., 2006) .
Cell death and cell numbers
The precursor cells in the adult SGZ produce a large surplus of cells destined for neuronal lineage and a surplus of immature neurons. The cells not recruited into function are eliminated by apoptotic cell death (Biebl et al., 2000) . Most cell death seems to occur once the cells have exited the cell cycle, become post-mitotic, and express both DCX and calretinin (Kempermann, 2005) . It is hypothesized that elimination is the default pathway, counteracted by survivalpromoting rescue effects. The elimination of cells is rapid, with the number of new cells remaining stable two to three weeks after exit from the cell cycle . Adult neurogenesis decreases dramatically with age, which correlates with a lack of measurable growth of the dentate gyrus later in life (Kempermann, 2005) . This age-related decline in hippocampal neurogenesis has recently been demonstrated in living humans by imaging a biomarker specific to neural progenitor cells (Manganas et al., 2007) . Evidence from studies in rats suggests that this reduction in neurogenesis is due to a large decrease in cell proliferation, slowed migration of cells from the SGZ into the GCL, and a reduction in cell differentiation into neuronal phenotypes (Heine et al., 2004a; McDonald and Wojtowicz, 2005) .
Regulation
Adult hippocampal neurogenesis is bi-directionally regulated by many factors, both intrinsic and extrinsic. They range from neurotrophins, antidepressants, stress, opioids, and seizures, to physical activity, learning, and hormones. Dynamic factors have been shown to affect the different phases of neurogenesis, including expansion (proliferation), differentiation (i.e. neuronal vs. glial), and survival. Therefore, the net effect on neurogenesis often results from different combinations of effects on individual stages of neuronal development. The following sections will provide an overview of many of the factors that regulate hippocampal neurogenesis.
Progenitor cell microenvironment
The stem cell niche consists of the precursor cells and the cells around them that form the permissive microenvironment. It is in this area that cell-to-cell communication occurs and where the precursor cells receive local regulatory cues. The quiescent progenitors have vascular endfeet that suits them to respond to blood-born factors (Filippov et al., 2003) , though the degree of their responsiveness is unknown. In the developing brain, before chemical synapses are established, neural progenitors communicate with each other via connexin-mediated gap junctions. These types of connections persist into adulthood in the adult SGZ. Mice deficient of the connexin32 gap junction protein in a subset of oligodenrocyte progenitors, displayed increased numbers of nestin+ and NG2+ progenitors, an increased turnover of this cell population, and a reduction in terminal differentiation (Melanson-Drapeau et al., 2003) . Whether connexin32, or other extracellular matrix molecules such as integrins and laminin, regulate neurogenesis in the adult hippocampus has yet to be determined. Microglia, the immune-competent cells of the brain and part of the stem cell niche, are activated by many pathological stimuli and are capable of secreting inflammatory factors. Activation of microglia, by irradiation or bacterial lipopolysaccharide, reduced hippocampal neurogenesis (Ekdahl et al., 2003; Monje et al., 2003) .
Ephrins
Two groups of cell-surface molecules that are involved in many aspects of cell migration, axon guidance, and synaptogenesis are the Eph receptor tyrosine kinases and their ephrin ligands. Eph receptors are divided into two subfamilies, EphA and EphB, and contain cytoplasmic tyrosine kinase catalytic domains that are activated after interactions with cell surface-bound ephrin ligands. EphB receptors are specifically expressed in adult hippocampal progenitor cells of the dentate gyrus (Chumley et al., 2007) . Mice that lack EphB1, and more profoundly EphB1 and EphB2, had significantly fewer hippocampal neural progenitors (Chumley et al., 2007) . Mice that lack the EphB1 receptor or its cognate ephrin-B3 ligand also had disruptions in other aspects of adult hippocampal neurogenesis, including polarity, cell migration, and proliferation (Chumley et al., 2007) .
Synapsins
Synapsins are a family of neural-enriched synaptic vesicle proteins that are comprised of three isoforms I, II, and III. In addition to playing a role in neurotransmission , synapsins also affect neurodevelopmental processes (Ferreira et al., 1994; Ferreira et al., 1995) . Moreover, synapsin III is enriched in the cell bodies of adult neuronal progenitor cells within the hippocampus, the periventricular zone, the rostral migratory stream, and the olfactory bulb (Pieribone et al., 2002) . Synapsin III knockout mice had reduced levels of cell proliferation in the adult hippocampus (Kao et al., 2008) . However, these knockout mice displayed enhanced levels of cell survival, with a small increase in the proportion of newly born cells that differentiated into neurons (Kao et al., 2008) . These findings suggest this synaptic vesicle protein is a regulator of proliferation, differentiation, and survival of neural progenitors in the adult hippocampus.
Cell cycle regulators
In mammalian cells, cellular proliferation is mainly controlled during the G1 phase of the cell cycle. Cyclins are cell cycle proteins that are, for the most part, positive regulators of the cell cycle. Cyclins D and E are present in the adult SGZ (Heine et al., 2004b) , although cyclin D1 does not seem to be necessary for adult hippocampal cell proliferation (Kowalczyk et al., 2004) . Cyclin-dependent kinases (Cdks) tightly control the cell cycle by negatively regulating cell cycle progression. Cdk1, also known as p34/cdc2, is expressed at high levels in proliferating neural stem cells (Hayes et al., 1991) , and intracerebroventricular (i.c.v.) infusion of a non-selective Cdk inhibitor decreased cell proliferation in the SGZ (Mackowiak et al., 2005) . p21 cip1 is a Cdk inhibitor that delays or blocks progression of the cell cycle into the S phase (Sherr and Roberts, 1999) . Chronic activation of p21 can drive the cell into irreversible cell growth arrest and senescence (Sherr and Roberts, 1999) , while inhibition increases cell proliferation (Gartel and Radhakrishnan, 2005) . It was recently shown that p21 was expressed in the nuclei of cells in the adult SGZ (Pechnick et al., 2008) . In addition, p21 knockout mice displayed elevated levels of hippocampal cell proliferation (Pechnick et al., 2008) . Little is known about cell cycle regulating proteins in the adult neurogenic hippocampus, and future research in this area will provide valuable information on the effects of stimuli on cell cycle length and regulation (Eisch and Mandyam, 2007) .
Growth and neurotrophic factors
Growth factors are extracellular signaling molecules that increase cell growth and maintenance. The effects of growth factor regulation of neurogenesis in the hippocampus are summarized in Table 1 . Evidence suggests that epidermal growth factor (EGF) does not play an important role in regulating adult hippocampal neurogenesis. I.c.v. infusion of EGF did not enhance proliferation in the SGZ (Kuhn et al., 1997) . In addition, hippocampal progenitor cells isolated from rats do not rely on EGF (Palmer et al., 1995) . Fibroblast-growth factor-2 (FGF-2) has been shown to regulate hippocampal neurogenesis. Administration of FGF-2 i.c.v. to rats enhanced hippocampal neurogenesis (Rai et al., 2007) , while mice lacking the FGF-1 receptor, a major receptor for FGF-2, displayed deficits in hippocampal neurogenesis (Zhao et al., 2007a) . Moreover, deletion of FGF-2 from mice prevented the increase in cell proliferation normally associated with seizure or ischemia, but had no effect on baseline hippocampal neurogenesis (Yoshimura et al., 2001 ). Insulin-like growth factor-I (IGF-I), a peripherally produced peptide, is a potent regulator of hippocampal neurogenesis. Peripheral or i.c.v. infusion of IGF-I increased proliferation and net neurogenesis in the adult hippocampus (Aberg et al., 2000; Lichtenwalner et al., 2001; Aberg et al., 2003) . Genetically modified mice that have low levels of serum IGF-I also have reductions in adult hippocampal neurogenesis (Trejo et al., 2007) . Vascular endothelial growth factor (VEGF), in addition to regulating angiogenesis, is also a regulator of hippocampal neurogenesis. Infusion of VEGF i.c.v. elevated hippocampal cell proliferation (Jin et al., 2002) , while another study demonstrated its role as a survival promoting factor (Schanzer et al., 2004) . However, blockade of the peripheral actions of VEGF had no effect on baseline hippocampal neurogenesis (Fabel et al., 2003) .
Neurotrophic factors are extracellular signaling molecules that play important roles in both the developing and adult central nervous system. The several classes of neurotrophic factors are: neurotrophins (nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin -3 (NT-3), NT-4, and NT-5 that signal through tyrosine kinase (trk) and p75 receptors), and the neurotrophic cytokines, such as ciliary neurotrophic factor (CNTF) and interleukin-6 (IL-6). Neurotrophic regulation of hippocampal neurogenesis is shown in Table  2 . Chronic administration of BDNF directly into the hippocampus increased neurogenesis of granule cells . Infusion of BDNF into the lateral ventricles also enhanced neurogenesis originating from the SVZ (Zigova et al., 1998; Pencea et al., 2001) . Data from genetically altered mice has not yielded totally consistent results. Heterozygous BDNF knockout mice (BDNF +/-) have been shown to display reduced levels of adult hippocampal neurogenesis (Lee et al., 2002) . However, others have shown that BDNF +/-and transgenic mice that overexpress a truncated form of the trkB receptor in neurons, had higher levels of baseline cell proliferation in the hippocampus, but reduced levels of cell survival (Sairanen et al., 2005) . These discrepancies could be accounted for by differences in derivation of the knockout. BDNF is also involved in the ability of other factors to regulate hippocampal neurogenesis. BDNF is important for the hippocampal neurogenesis promoting effects of an enriched environment (Rossi et al., 2006) and dietary restriction (Lee et al., 2002) . It is also implicated in being important for enhancing the survival, but not proliferation, following chronic treatment with a tricyclic antidepressant (Sairanen et al., 2005) . Mice that lack NT-3 expression in the brain, demonstrated impairments in differentiation, but not proliferation in the hippocampus (Shimazu et al., 2006) . Mice lacking NT-4 did not show baseline changes in hippocampal neurogenesis (Rossi et al., 2006) . There is no information on the role of NT-5 in adult neurogenesis. CNTF injection directly into the adult mouse brain increased cell proliferation and net neurogenesis in the hippocampus (Emsley and Hagg, 2003) . Continuous infusion of NGF directly into the lateral ventricles had no effect on cell proliferation in the hippocampus, but enhanced survival (Frielingsdorf et al., 2007) . The multitude of growth and neurotrophic factors in the brain likely play pivotal roles in finely regulating all the stages of hippocampal neurogenesis.
Neurotransmitter systems
The dentate gyrus of the hippocampus receives inputs from numerous brain regions. These afferents project axons which release multiple classes of neurotransmitters, including catecholamines, serotonin, glutamate and GABA, as well as acetylcholine. The regulation of adult hippocampal neurogenesis by these neurotransmitters is summarized in Table 3 .
The excitatory neurotransmitter glutamate plays a major role in regulating hippocampal neurogenesis. Glutamatergic fibers originating from the entorhinal cortex converge on the dentate gyrus via the perforant path. Lesioning this pathway in the rat increased cell proliferation in the hippocampus Cameron et al., 1995) . In the mouse, hippocampal cell proliferation was not affected three days after lesioning the entorhinal cortex, but the survival of neurons born after the lesion was increased (Gama Sosa et al., 2004) . Glutamate signals through three types of ionotropic receptors: NDMA receptors, kainic acid (KA) receptors, and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors. Antagonism of NMDA receptors with MK-801, increased adult hippocampal neurogenesis Cameron et al., 1995; Cameron et al., 1998) . Mice that express only 50% of the NR1 subunit of the NMDA receptor, displayed increased levels of adult hippocampal neurogenesis (Bursztajn et al., 2007) . NR1 and NR2B subunits are absent from transiently amplifying progenitors (type 2-3 cells), but are found in GFAP-expressing cells in the SGZ, suggesting its presence in type-1 precursor cells (Nacher et al., 2007) . In addition, many granule cells express both NMDA receptor subunits two weeks after birth (Nacher et al., 2007) . These findings suggest that excitatory input into the hippocampus restricts baseline neurogenesis via NMDA receptors present on precursor cells and in differentiating granule neurons. On the contrary, stimulation of KA receptors, which induces seizures, produced large increases in hippocampal neurogenesis (Parent et al., 1997; Jessberger et al., 2007) . In addition, chronic administration of an AMPA receptor potentiator increased hippocampal cell proliferation (Bai et al., 2003) . Taken together, glutamatergic transmission plays a critical role in the regulation of hippocampal neurogenesis, but its regulation is complex and dependent on a network of different receptors.
GABA is the main inhibitory neurotransmitter in the brain and GABAergic inhibitory systems are a local network of inhibitory interneurons. The dentate gyrus contains at least seven classes of interneurons (Freund and Buzsaki, 1996) that modulate the activity of granule cells and control the ambient GABA level in the SGZ . In addition, neural progenitor cells and their progeny express functional GABA-A receptors, with GABA being excitatory during the first 2-3 weeks of neuronal development (Tozuka et al., 2005; Ge et al., 2006) . It is unknown whether tonic and/or phasic GABA activation regulates cell proliferation, differentiation, or survival in the hippocampus. Studies have recently emerged to attempt to address the role of GABA in hippocampal neurogenesis. Application of GABA to acute brain slices increased the expression of NeuroD, a transcription factor that facilitates neuronal differentiation, in neural progenitors isolated from the hippocampus (Tozuka et al., 2005) . Heterozygous deletion of the γ-2 subunit of the GABA-A receptor, specifically in immature neurons, reduced the survival of newly born hippocampal neurons, without affecting proliferation (Earnheart et al., 2007) . Evidence also suggests that GABA-mediated activation is necessary for the synaptic integration of newborn granule cells in the hippocampus (Ge et al., 2006) .
There are extensive noradrenergic projections from the locus coeruleus into the dentate gyrus of the hippocampus. Depletion of norepinephrine in rats by the lesioning of noradrenergic cell bodies in the locus by the selective neurotoxin, N-Ethyl-N-(2-chloroethyl)-2-bromobenzylamine (DSP-4), reduced baseline cell proliferation, without effecting cell differentiation or survival (Kulkarni et al., 2002) . There is much yet to be known on the role of noradrenergic signaling in regulating hippocampal neurogenesis. Dopaminergic fibers from the ventral tegmental area innervate the SGZ. Acute administration of 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) to mice, which selectively destroys dopaminergic neurons in an animal model of Parkinson's Disease, decreased the number of cells in the SGZ expressing the cell cycle marker protein, proliferating cell nuclear antigen (PCNA), up to 7 days post-dopamine depletion (Hoglinger et al., 2004) . Rats chronically treated for either 8 or 24 days with cocaine (20 mg/kg), which blocks the reuptake of dopamine, had reduced hippocampal cell proliferation, but the differentiation and survival of newly born neurons was unaltered (Dominguez-Escriba et al., 2006) . Chronic treatment (14 days) of rats with the antipsychotic haloperidol (2 mg/kg), a dopamine receptor (D2) antagonist, had no effect on hippocampal cell proliferation (Malberg et al., 2000) . D3 receptors have been implicated in regulating adult neurogenesis outside of the hippocampus. Chronic administration to rats of the D3 receptor agonist, 7-hydroxy-N,N-di-n-propyl-2-aminotetralin (7-OH-DPAT), increased neurogenesis in the SVZ and neostriatum (Van Kampen et al., 2004) , as well as in the substantia nigra (Van Kampen and Robertson, 2005; Van Kampen and Eckman, 2006) . In mice, however, 7-OH-DPAT did not stimulate neurogenesis in the SVZ (Baker et al., 2005) . Moreover, mice lacking the D3 receptor did not have deficits in SVZ proliferation (Baker et al., 2005) . These data suggest potential differences in the role D3 receptors play in regulating neurogenesis across species. The role of dopamine and individual dopamine receptor subtypes in regulating adult neurogenesis in the SGZ still needs to be elucidated.
The hippocampus receives cholinergic input from the septum and the nucleus basalis of Meynert. Toxic lesioning of cholinergic basal forebrain neurons in rats, did not affect the total number of BrdU cells in the hippocampus several weeks after labeling, but reduced the production of new neurons (Cooper- . Chronic administration (4 weeks) of the muscarinic receptor antagonist, scopolamine (0.75 mg/day or 3.0 mg/day), to rats, suppressed survival, but did not affect proliferation or differentiation of newly-born hippocampal cells (Kotani et al., 2006) . Mice lacking the β-2 subunit of the nicotinic acetylcholine receptor showed reductions in hippocampal cell proliferation (Harrist et al., 2004) . Acetylcholinesterase (AchE) inhibitors, which augment cholinergic signaling, are given to patients for the treatment of dementia associated with Alzheimer's disease. In contrast to the effects of cholinergic blockade, chronic administration (4 weeks) of the AchE inhibitor, donepezil (1 mg/kg) to mice or to rats (0.5 or 2 mg/kg), enhanced survival but not proliferation or differentiation in the hippocampus (Kaneko et al., 2006; Kotani et al., 2006) . These data suggest a role for acetylcholine in regulating hippocampal neurogenesis, though the exact mechanisms and receptor interactions need to be more extensively characterized.
Serotonergic terminals originating from the dorsal and median raphe nuclei innervate multiple forebrain structures, including the hilus, molecular layers of the dentate gyrus, and the SGZ (Oleskevich et al., 1991) . Serotonergic input from the raphe into the hippocampus is important for regulating hippocampal neurogenesis. Depletion of serotonin (5-HT) in adult female rats by either systemic administration of the serotonin synthesis inhibitor parachlorophenylalanine (PCPA) (Banasr et al., 2001) or by the intraraphe injection of the serotonin neurotoxin 5,7-dihyrdoxytryptamine (5,7-DHT) (Brezun and Daszuta, 1999) reduced cell proliferation and the number of immature neurons in the hippocampus. The deficit in proliferation was rescued following intrahippocampal grafts of embryonic 5-HT neurons (Brezun and Daszuta, 2000) . Systemic administration of PCPA to female rats also reduced hippocampal cell proliferation and the number of PSA-NCAM cells. Administration of systemic PCPA, but not i.c.v. 5,7-DHT, to male rats reduced cell proliferation and survival in the hippocampus, as well as the number of doublecortin positive hippocampal cells (Jha et al., 2006) . The caveats associated with these studies were that either only tissue levels of serotonin in the hippocampus were measured (Banasr et al., 2001) or that hippocampal norepinephrine levels were also decreased following PCPA treatment (Jha et al., 2006) . It should be noted that another study in male rats, found that systemic administration of PCPA did not affect hippocampal cell proliferation (Huang and Herbert, 2005b) . The PCPA treatment regimen used in that study depleted serotonin without altering levels of other monoamines (Huang and Herbert, 2005a) . Treatment with the antidepressant fluoxetine, which inhibits the reuptake of serotonin, increased hippocampal neurogenesis in rats (Huang and Herbert, 2006) and mice (Wang et al., 2008a) . Adult hippocampal neurogenesis was also investigated in mice that lack the serotonin transporter throughout their life. It was found that aged mice, but not young or adult mice, displayed enhanced proliferative capacity in the hippocampus. Differentiation and survival were not affected in these mice at any age .
Although a role for serotonin in the regulation of hippocampal neurogenesis was demonstrated from the regulation of 5-HT levels, there are 15 known serotonin receptors, and it is still unclear which receptors are important for regulating this process. Recent studies have begun to address the issue of receptor specificity. Antagonism of the 5-HT 1A receptor reduced cell proliferation in the hippocampus in rats (Radley and Jacobs, 2002) , but 5-HT 1A receptor knockout mice did not demonstrate reductions in proliferative activity (Santarelli et al., 2003) . Activation of 5-HT 1A receptors with 8-hydroxy-2-(N-dipropylamino) tetralin (8-OH DPAT) enhanced proliferative capacity in the SGZ (Santarelli et al., 2003; Banasr et al., 2004) . Activation of 5-HT 1A receptors did not affect the differentiation of the newborn cells, while its ability to regulate cell survival is still unclear . Interestingly, the 5-HT 1A receptor is expressed at low levels in the rat SGZ and is restricted to mature dentate granule cells (Patel and Zhou, 2005) . This suggests that the regulatory effects of serotonin on hippocampal cell proliferation via the 5HT 1A receptor is likely via indirect mechanisms . Although neither activation nor antagonism of 5-HT 1B receptors in rats affected baseline cell proliferation, activation of 5-HT 1B receptors reversed the deficit in proliferation induced by serotonergic depletion (Banasr et al., 2004) . In the rat, antagonism of the 5-HT 2A receptor decreased hippocampal cell proliferation, while activation had no effect (Banasr et al., 2004) . Activation or antagonism of the 5-HT 2c receptor had no effect on proliferative activity in the hippocampus (Banasr et al., 2004) . Subchronic administration of a 5-HT 4 receptor agonist also increased hippocampal cell proliferation in rats (Lucas et al., 2007) . The roles of 5-HT 3 , 5-HT 6 , 5-HT 7 receptors remain to be studied. In summary, the role of serotonin in regulating adult hippocampal neurogenesis is complex, and is dependent not only on receptor subtype expression, but also the state of the organism. Moreover, serotonin signaling induces neurotrophins and growth factors that can in turn can affect neurogenesis (Duman and Monteggia, 2006) . Nitric oxide (NO) is a free radical that serves as an intercellular messenger, as well as an atypical neurotransmitter/neuromodulator in the central nervous system (Snyder and Ferris, 2000) . It is produced by nitric oxide synthase (NOS) during the conversion of L-arginine to citrulline. There are three isoforms of NOS: neuronal NOS (nNOS; NOS-I), inducible NOS (iNOS; NOS-II), and endothelial NOS (eNOS; NOS-III). NOS-I is the predominant isoform in the brain , although the isoforms are found in other CNS cell types (Dinerman et al., 1994) . In the brain, NO is synthesized in specific neurons expressing NOS-I (Bredt et al., 1990) . In both humans and rodents, NOS-I and NOS-III have been found in the dentate gyrus of the hippocampus (Reif et al., 2004) .
There is substantial evidence demonstrating a regulatory role for NO with respect to hippocampal neurogenesis. The two main strategies used to assess the role of NO have involved inhibition of the various enzyme isoforms that synthesize NO or augmentation of NO signaling. In rats, chronic, nonspecific pharmacologic inhibition of NOS with N ω -nitro-methyl-L[D]-arginine methyl ester (L-NAME) increased cell proliferation (rats sacrificed 7 days after the last BrdU injection) in the hippocampus without affecting differentiation (Packer et al., 2003) . The same study demonstrated that cell proliferation was also increased in the dentate gyrus of genetically modified mice with a non-functional form of NOS-I (Packer et al., 2003) . Cell proliferation was enhanced in mice lacking the NOS-I gene (NOS-I KO) or repeatedly administered the NOS-I specific inhibitor, 7-nitroindazole (Zhu et al., 2006) . Furthermore, genetic (Zhu et al., 2006; Fritzen et al., 2007) and pharmacologic (Zhu et al., 2006) inhibition of NOS-I enhanced the survival of newly born cells without affecting fate determination. Evidence suggests that the inhibition of neurogenesis by NOS-I does not involve BDNF or VEGF , but might involve NMDA receptor function and CREB (Zhu et al., 2006) . In sum, these studies suggest that NOS-I inhibits basal rates of hippocampal neurogenesis. Contrary to the effects of NOS-I inhibition, animals lacking NOS-III (NOS-III KO) showed reductions in hippocampal cell proliferation, without alterations in differentiation or survival (Reif et al., 2004) . Interestingly, mice that lacked both NOS-I and NOS-III had reductions in the survival of newly born cells . There are a lack of studies that have examined the effect of augmented NO signaling on neurogenesis. One study found in mice that exogenous administration of NO using the zwitterionic polyamine/NO adduct, (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl) aminio] diazen-1ium-1,2-diolate (DETA/ NONOate), increases cell proliferation and survival (Hua et al., 2008) . The regulation of hippocampal neurogenesis by NO is complex and is differentially regulated by the activities of the three NOS isoforms.
Cannabinoid system
Neural progenitors of the hippocampus produce endocannabinoids and express the cannabinoid-1 (CB1) receptor (Aguado et al., 2005) . Mice that lack the CB1 receptor displayed impairments in hippocampal cell proliferation (Jin et al., 2004) , while mice that lack FAAH, an enzyme responsible for the hydrolytic elimination of endogenous cannabinoids, had increased levels of hippocampal cell proliferation (Aguado et al., 2005) . Treatment of rats for 10 days with the synthetic cannabinoid, HU210, increased hippocampal neurogenesis, without altering the determination of cell fate (Jiang et al., 2005) . Another study demonstrated that acute treatment with a CB1 receptor antagonist, AM251, elevated cell proliferation, while the endocannabinoid reuptake inhibitor, AM404, had no effect (Hill et al., 2006) . These studies suggest a role for the endocannabinoid system in regulating hippocampal neurogenesis.
Opioid systems
Mice lacking the μ opioid receptor had normal rates of hippocampal cell proliferation, but had reductions in the number of newborn cells that survived (Harburg et al., 2007) . Rats that were chronically administered morphine Kahn et al., 2005) or heroin , which bind to the μ opioid receptor, showed decreased levels of cell proliferation and survival in the hippocampus; differentiation was unaffected. Interestingly, mice that lack the endogenous opioid peptide, β-endorphin, which preferentially binds to the μ opioid receptor, demonstrated no deficits in any aspects of hippocampal neurogenesis . There is a lack of data examining the role of κ and δ receptor activation in the regulation of hippocampal neurogenesis.
Neuropeptides
In addition to the classical neurotransmitters, neuropeptides play an important role in CNS regulating neurogenesis. Mice lacking the neuropeptide Y-1 receptor displayed lower levels of cell proliferation (Howell et al., 2005; Howell et al., 2007) and fewer immature neurons in the adult hippocampus, but no differences in survival (Howell et al., 2005) . However, another group failed to show a difference in hippocampal cell proliferation between wild type and NPY-1 receptor knockout mice (Karlsson et al., 2008) . Deletion of the neurokinin-1 receptor, the preferred receptor for the neuropeptide substance P, increased hippocampal cell proliferation, but not survival (Morcuende et al., 2003) . Chronic infusion of the neuropeptide VGF (nonacronymic), which is expressed in the dentate gyrus (Snyder and Salton, 1998) , increased hippocampal cell proliferation and survival (Thakker-Varia et al., 2007) .
Sex hormones
Sex hormones, in both males and females, modulate adult hippocampal neurogenesis. In intact female rats, the level of cell proliferation is highest during proestrus, when estrogen levels are high, and is lower in the phases of the estrous cycle when estrogen levels are reduced (Tanapat et al., 1999) . In ovariectomized females, exogenous administration of estradiol increased cell proliferation (Tanapat et al., 1999) , but this stimulatory effect was dependent on the duration of treatment (Ormerod et al., 2003) . However, estradiol did not affect survival (Tanapat et al., 1999) . Exogenous estradiol can also reverse reductions in hippocampal cell proliferation caused by the induction of experimental Type-1 diabetes in intact male mice and aging in ovariectomized female rats (Perez-Martin et al., 2005; De Nicola et al., 2006) . In addition, short-term (6 days), but not long-term (21 days) removal of estrogen in rats by ovariectomy, reduced proliferative activity and the number of PSA-NCAM cells in the hippocampus (Banasr et al., 2001 ).
Several studies have provided insight into the mechanisms underlying the influence of estrogen on neurogenesis. Activation of both estrogen receptor (ER) α or ERβ subtypes significantly enhanced cell proliferation in the dentate gyrus of female rats (Mazzucco et al., 2006) . The central serotonergic system has also been linked to the positive neurogenic effects of estradiol in the hippocampus (Banasr et al., 2001 ). In addition, several studies have shown that estrogen influences 5-HT 1A receptors in the hippocampus and this could be the mechanism for regulating hippocampal neurogenesis (Birzniece et al., 2001 ).
There is a paucity of published work that addresses the neurogenic effect of androgen (Hajszan et al., 2007) . In adult male rats, castration decreased new cell survival in the dentate gyrus but had no effect on cell proliferation when compared to intact male rats (Spritzer and Galea, 2007) . Thirty days of exposure to testosterone increased hippocampal neurogenesis, via prolonged cell survival, of castrated adult male rats by an androgen receptor dependent mechanism (Spritzer and Galea, 2007) . However, another study showed that nandrolone, a testosterone analog, reduced cell proliferation in the dentate gyrus, in both female and male rats (Brannvall et al., 2005) . More work still is needed to better understand the role of male sex hormones in regulating adult hippocampal neurogenesis.
Paracrine signaling molecules
Wnt (wingless) plays an important role in maintaining self-renewal in hematopoetic stem cells (Reya et al., 2003) and in the induction of neural specification (Muroyama et al., 2002) . Interaction of Wnts with their receptors can trigger several signaling pathways, including the β-catenin dependent pathway. Wnt proteins and their receptors are expressed in adult hippocampal progenitors (Lie et al., 2005) . Overexpression of Wnt3 increased, while blockade of Wnt signaling reduced adult hippocampal neurogenesis (Lie et al., 2005) . Evidence also suggests that β-catenin, which is present in neural progenitors and newborn granule neurons, plays an important role in the dendritic development of adult born hippocampal neurons (Gao et al., 2007) .
Notch (1-4 in mammals) is a transmembrane protein, which after ligand binding is cleaved, releasing an intracellular portion that translocates to the nucleus (Schroeter et al., 1998) . In postnatal and adult mice, overexpression of activated Notch1 increased hippocampal cell proliferation and led to the maintenance of GFAP-expressing neural stem cells, while abrogation of Notch signaling led to an decrease in cell proliferation and a shift in the differentiation of newly born cells towards a neuronal lineage (Breunig et al., 2007) . In addition, genetic Notch1 manipulation modulated the dendritic morphology of newborn granule cells, whereby the deletion of Notch1 decreased dendritic arborization while Notch1 overexpression increased dendritic complexity (Breunig et al., 2007) . This evidence suggests that Notch1 signaling is involved in the cell proliferation, fate determination, and maturation steps of adult hippocampal neurogenesis.
Bone morphogenic proteins (BMPs) are extracellular signaling molecules that generally antagonize neurogenesis. Noggin, which inhibits BMPs, enhances neurogenesis. The inhibition of noggin in vivo by antisense methods, decreased hippocampal cell proliferation (Fan et al., 2004) .
Sonic hedgehog (Shh) is a soluble signaling protein that is crucial in regulating processes during nervous system development (Ruiz i Altaba et al., 2002) . Moreover, Shh signaling plays a critical role in the expansion and establishment of postnatal hippocampal progenitors (Han et al., 2008) . Its role in regulating adult hippocampal neurogenesis has only recently begun to be addressed. The Shh receptors Patched (Ptc) and Smoothened (Smo) are expressed in the adult hippocampus and in progenitors isolated from this region (Traiffort et al., 1998; Lai et al., 2003) . In rats, chronic administration of a recombinant adenovirus vector (rAAV) containing the active fragment of Shh into the dentate gyrus increased cell proliferation and survival, but did not affect differentiation (Lai et al., 2003) . On the other hand, intrahippocampal (Lai et al., 2003) and i.c.v. (Banerjee et al., 2005) injections of cyclopamine to rats, an inhibitor of Shh signaling, reduced cell proliferation. Using in vivo genetic fate mapping, it was shown that both quiescent neural stem cells and transit-amplifying progenitors in the SGZ are responsive to Shh signaling (Ahn and Joyner, 2005) . These studies emphasize the importance of the Shh signaling pathway in adult neurogenesis.
Transcriptional regulation
cAMP response element-binding protein (CREB) is a transcription factor that is at the distal end of the cAMP signaling cascade. It is activated by phosphorylation (pCREB) via several mechanisms, including neurotrophic factor cascades. Immature neurons of the hippocampus express pCREB and chronic administration (14 days) of the phosphodiesterase-4 inhibitor rolipram to mice, which stimulates of the cAMP pathway, increased the number of dividing cells (Nakagawa et al., 2002b ) and the survival of newly born neurons (Nakagawa et al., 2002a) . Transgenic mice that expressed a dominant-negative form of CREB in the hippocampus had reduced levels of cell proliferation (Nakagawa et al., 2002b) . Interestingly, mice that lack the α/Δ isoform of CREB throughout life, display elevated levels of hippocampal neurogenesis (Gur et al., 2007) . These data suggest that the cAMP signaling cascade, and CREB in particular, play an important role in regulating hippocampal neurogenesis.
Neuronal PAS domain protein 3 (NPAS3) is a basic helix-loop-helix (bHLH) Per-Arnt-Sim (PAS) domain transcription factor that is expressed principally within the central nervous system. It possesses three regions vital for its activity as a transcription factor and changes in its activity or function could impact many target genes with varied neuronal functions (Pickard et al., 2006) . Mice that lacked NPAS3, but not NPAS1, were deficient in FGF-1 receptor mRNA and had 85% less adult hippocampal cell proliferation than wild type mice (Pieper et al., 2005) . Moreover, central infusion of FGF-2 was unable to elevate hippocampal cell proliferation in NPAS3, but not NPAS1, knockout mice (Pieper et al., 2005) . These data suggest NPAS3 regulates the proliferative activity of progenitor cells in the adult hippocampus. The ability of NPAS3 and NPAS1 to affect the survival of adult born neurons in the hippocampus, as well as ability of NPAS2 to regulate hippocampal neurogenesis, have not been examined.
Protein kinase B (Akt)
Akt (protein kinase B) is an important serine/threonine kinase that is involved in numerous signaling cascades and is downstream of neurotrophic and growth factor receptors, as well as monoamine receptors (Datta et al., 1999) . In mammals, the serine/threonine kinase Akt (protein kinase B), has three different isoforms, Akt1, -2, -3, each encoded by independent genes (Coffer et al., 1998) . These enzymes have their own distinct anatomic distributions and physiologic functions. Akt1 deficient (Akt1KO) mice display deficits in both fetal and postnatal growth that continues into adulthood, with a proportional reduction in the size of all organs (Cho et al., 2001a) . Akt2 KO mice grow normally, but are insulin intolerant due to deficits in the action of this hormone at liver and skeletal muscle (Cho et al., 2001b) . Akt3 KO mice have normal carbohydrate metabolism, but display a selective decrease in brain size due to smaller and fewer cells (Easton et al., 2005) . By using flow cytometry, it was shown that Akt1KO and Akt2KO mice, but not Akt3 KO mice, had lower levels of hippocampal cell proliferation compared to wild type animals (Balu et al., 2008) . However, only Akt2KO mice had impairment in the survival of adult born hippocampal progenitors (Balu et al., 2008) . This demonstrates the nonredundant roles the several Akt isoforms play in the regulation of hippocampal neurogenesis.
Stress
Stress is one of the most potent inhibitors of adult hippocampal neurogenesis, and has been demonstrated in multiple mammalian species, including the mouse, rat, tree shrew, and marmoset (Mirescu and Gould, 2006) . The deleterious effect of stress on cell proliferation have been shown using a variety of different stress paradigms, such as subordination stress (Gould et al., 1997) , resident intruder stress , footshock (Malberg and Duman, 2003) , predator odor (Tanapat et al., 2001) , and others. The duration of stress does not seem to be critical as both acute and chronic stress paradigms decrease cell proliferation (Mirescu and Gould, 2006) . Stress has also been demonstrated to reduce the survival of newly born hippocampal cells (Czeh et al., 2002; Westenbroek et al., 2004) .
Although the antineurogenic effects of stress in the hippocampus are well known, the underlying mechanisms remain ill defined. There is substantial evidence that adrenal stress hormones play an important role in this process. In addition to the hippocampus having a high expression of adrenal steroid receptors, glucocorticoids are themselves regulators of hippocampal neurogenesis, capable of influencing proliferation (Wong and Herbert, 2005) , differentiation (Wong and Herbert, 2006) , and survival (Wong and Herbert, 2004) . Inhibition of the hypothalamic-pituitary axis (HPA) by adrenalectomy , which removes circulating adrenal steroids, or by other methods (Alonso et al., 2004) enhanced neurogenesis. On the other hand, neurogenesis was reduced by exogenous corticosterone administration (Gould et al., 1992; Murray et al., 2008) . Moreover, corticosterone replacement in adrenalectomized animals, which prevents the stress-induced increase in corticosterone while maintaining diurnal rhythm, eliminated the antineurogenic effect of fox odor stress (Tanapat et al., 2001) . These data suggest that glucocorticoids are involved in mediating the effects of stress on neurogenesis.
Some studies however, have demonstrated persistent inhibition of neurogenesis despite restoration of normal glucocorticoid levels (Mirescu and Gould, 2006) . The decrease in cell proliferation following the maternal separation of rat pups, persisted into adulthood when basal levels of corticosterone were normal (Mirescu et al., 2004) . A similar prolonged effect on cell proliferation, without maintenance of elevated corticosterone, was observed following the administration of inescapable shock to rats (Czeh et al., 2001; Malberg and Duman, 2003) . It is not fully understood exactly how glucocorticoids affect hippocampal neurogenesis. Although only 10-20% of hippocampal progenitors express glucocorticoid receptors (Cameron et al., 1993a) , some evidence points to their involvement in effects of stress (Wong and Herbert, 2005) .
Stress also increases glutamate release in the hippocampus (Abraham et al., 1998) , and evidence suggests that enhanced excitatory transmission reduces cell proliferation. Activation of NMDA receptors inhibited cell proliferation, while blockade had the opposite effect (Cameron et al., 1995; Nacher et al., 2003) . NDMA receptor antagonism also prevented the exogenous corticosterone-induced decrease in cell proliferation (Cameron et al., 1998) .
Pro-inflammatory cytokines might also contribute to the actions of stress on neurogenesis. Hippocampal neural progenitors express the interlukin-1β (IL-1β) receptor (Koo and Duman, 2008) and chronic isolation stress elevates levels of IL-1β in the hippocampus (Ben MenachemZidon et al., 2008) . Administration of IL-1β reduced hippocampal cell proliferation, while blockade of the IL-1β receptor with an antagonist prevented the reductions in neurogenesis caused by chronic unpredictable stress (Koo and Duman, 2008) . Mice with a null mutation of the IL-1β receptor Koo and Duman, 2008) or transgenic overexpression a IL-1β receptor antagonist in brain were protected against the reductions in hippocampal neurogenesis associated with stress.
Stress also reduces trophic support in the brain, which might contribute to its deleterious effects on hippocampal neurogenesis. The interaction between stress and the neurotrophin, BDNF, is the most well studied relationship. Many different types of stress paradigms, both acute and chronic, decrease the expression of BDNF in the hippocampus (Duman and Monteggia, 2006) . The reduction of BDNF due to stress might in part, be due to elevated levels of corticosterone because adrenalectomy increased BDNF expression (Chao et al., 1998) and chronic administration of corticosterone decreased BDNF expression and protein levels (Jacobsen and Mork, 2006) . However, removal of adrenal hormones did not completely block the effects of immobilization stress on BDNF (Smith et al., 1995) . In addition, stress reduces the expression of other growth and neurotrophic factors that could also influence neurogenesis. Long-term immobilization stress reduced hippocampal NGF and NT-3 expression (Ueyama et al., 1997) . Chronic unpredictable stress decreased the expression of VEGF and the type 2 VEGF receptor in the hippocampus (Heine et al., 2005) .
It is well established that stress reduces adult hippocampal neurogenesis, but the functional consequences of this phenomenon remain unanswered. At the circuitry level, one recent study has provided evidence that chronic mild stress in rats adversely affected hippocampal network dynamics, as measured by voltage sensitive dye imaging (Airan et al., 2007) . At the behavioral level, stress has been shown to influence learning and memory, as well as to precipitate affective disorders, items linked to adult hippocampal neurogenesis. Because stress influences numerous cellular processes, including neurotransmission, maintenance of dendritic architecture, and growth factor levels (McEwen, 1999) , it is likely that if inhibition of neurogenesis contributes to the effects of stress, it does so in concert with multiple other mechanisms (Mirescu and Gould, 2006) .
Functional role of hippocampal neurogenesis
It has been well established using a variety of different techniques that the newly born cells in the adult hippocampus are electrophysiologically functional and become integrated granule cells (Stanfield and Trice, 1988; Hastings and Gould, 1999; Markakis and Gage, 1999; Carlen et al., 2002; van Praag et al., 2002) . However, the role these neurons play in hippocampal function is still unclear and this topic has been the subject of intense research during recent years.
Ablation of adult neurogenesis is the most straightforward way to study its contribution to hippocampal function. One of the methods used to test the effects of eliminating adult neurogenesis was the administration of the DNA methylating agent methylazoxymethanol (MAM), which prevents dividing cells from completing the cell cycle (Shors et al., 2001) . MAM treatment (14 days) in rats down-regulated hippocampal neurogenesis and consequently impaired the learning of trace eye-blink conditioning, a hippocampal-dependent task. Moreover, depletion of neurogenesis did not alter the ability of rats to learn delay conditioning, a task that does not require the hippocampus. When rats recovered normal rates of neurogenesis, three weeks after MAM treatment, they were then able to acquire trace conditioning (Shors et al., 2001) . These data implicate newly born neurons at 1-2 weeks old are functionally important in this hippocampal-dependent task (Bruel-Jungerman et al., 2007) . A separate study which used the same MAM protocol, indicated that there were no performance deficits in two other hippocampal-dependent tasks, contextual fear conditioning and spatial learning in the Morris water maze (Shors et al., 2002) , suggesting that hippocampal neurogenesis may relates best to specific aspects of learning such as timing or task difficulty.
A second experimental approach used to abolish neurogenesis is x-irradiation. This procedure, when directed to the hippocampus, has been shown to impair the performance of rats in a hippocampal-dependent working memory task, delayed non-matching-to-sample, but only when relatively long delays were used (Winocur et al., 2006) . Irradiation focused at the hippocampus in mice and at the head (Winocur et al., 2006; Warner-Schmidt et al., 2008) or hippocampus (Madsen et al., 2003) in rats impaired contextual fear conditioning. The discrepancy in fear conditioning performance following irradiation and the MAM treatment could be due to the different methodologies employed to reduce neurogenesis, the time at which animals were tested following depletion of neurogenesis, as well as the complexity of the conditioning environments (Bruel-Jungerman et al., 2007) . Spatial memory in the Morris water maze has also been shown to be unaffected by irradiation (Madsen et al., 2003; Snyder et al., 2005; Saxe et al., 2006) . However, long-term retention (2-4 weeks) in the Morris water maze was impaired in cranially-irradiated rats, suggesting that adult hippocampal neurogenesis may be necessary for long-term storage of spatial information (Snyder et al., 2005) . In contrast to the water maze results, irradiation directed to the hippocampus/cortex, impaired the spatial memory of mice in the Barnes maze (Raber et al., 2004) , and impaired spatial working memory of rats using the T-maze (Madsen et al., 2003) . These differences in spatial memory could be due to the level of stress associated with the different tasks, the reinforcers used in each task, and the time after irradiation at which the animals were tested (Bruel-Jungerman et al., 2007) . Short-term recognition memory is not affected by irradiation (Madsen et al., 2003; Raber et al., 2004) .
Both irradiation and MAM treatment are not selective for interfering with the production of neurons and cause other detrimental effects on brain physiology and function (BruelJungerman et al., 2007) . Therefore, several non-invasive genetic approaches have recently been developed to selectively destroy neural progenitors. One such approach used transgenic mice that express herpes virus thymidine kinase in GFAP-positive cells in the brain; the progenitor cells from which adult born neurons are derived. Upon delivery of the antiviral prodrug gancyclovir, proliferating thymidine kinase cells were destroyed thereby ablating adult neurogenesis in all neurogenic brain regions . Animals with reduced neurogenesis showed impairments in contextual fear conditioning and perturbations in a certain type of dentate gyral LTP, without deficits in spatial memory . A second group ablated nestin positive neural precursors in adult mice (Dupret et al., 2008) . This model was based on the inducible and cell type-restricted over-expression of the pro-apoptotic protein Bax using the reverse tetracycline-controlled transactivator-regulated system (Tet-ON system). By using this model system, Dupret et al. demonstrated that mice with drastically lower levels of neurogenesis had deficits in acquisition and spatial memory in the Morris water maze, but normal fear-conditioned learning. A third group reduced hippocampal neurogenesis in adult mice by inducible removal of the orphan nuclear receptor TLX from neural stem cells (Zhang et al., 2008a) . Reductions of adult-born hippocampal neurons in this manner produced a phenotype similar to what was reported by Dupret et al. Neurogenic depleted mice had deficits in spatial memory, but no impairments in contextual fear conditioning. The divergence in results obtained from these studies underscores the complexities in trying to understand the role of hippocampal neurogenesis using genetically modified animals and in comparing results between laboratories.
Another strategy employed to gain insight into the function of adult generated hippocampal neurons, has been to examine the effects of learning on neurogenesis. It was shown that learning tasks that are hippocampal-dependent (trace eye-blink conditioning and spatial learning in the Morris water maze) enhanced the survival of one-week old neurons, while learning nonhippocampal dependent tasks did not affect cell survival (Gould et al., 1999b) . Interestingly, learning a hippocampal-dependent task did not affect cell proliferation (Gould et al., 1999b) . The enhancement in neuronal survival following trace eye-blink conditioning was correlated with the ability to learn the paradigm and persisted for 2 months after training (Leuner et al., 2004) . Moreover, a recent study demonstrated that animals that learned the MWM well retained more cells in the hippocampus than animals that did not learn or learned poorly. This suggests that learning, and not simply exposure to the task, enhances the survival of cells born one week prior to training (Sisti et al., 2007) . Others have reported that spatial learning enhances the proliferation and survival of newly born hippocampal cells when they were labeled at the end of training, when the animals were near asymptotic performance (Lemaire et al., 2000; Dobrossy et al., 2003) .
There is other correlative data suggesting a link between hippocampal neurogenesis and learning. There was a small but significant correlation between the acquisition phase of the Morris water maze and genetically determined baseline levels of hippocampal neurogenesis (Kempermann and Gage, 2002) . Similarly, the performance of aged rats in the water maze predicted their level of hippocampal neurogenesis . Moreover, environmental enrichment and voluntary physical exercise, which improve performance in hippocampal-dependent tasks, also increase hippocampal neurogenesis (van Praag et al., 1999; Brown et al., 2003; Bruel-Jungerman et al., 2005) . On the other hand, negative modulators of hippocampal neurogenesis impair performance in learning tasks (Lledo et al., 2006) .
One possible function of these newly born cells may be related to their physiological properties, such that their plasticity makes them particularly suited to respond to and integrate stimuli during memory formation (Bruel-Jungerman et al., 2007) . This idea is supported by evidence that demonstrates newly born neurons have lower thresholds for LTP induction and express immediate early genes known to play a role in plasticity and memory formation. Interestingly, LTP, which is thought to play a critical role in memory formation and learning, was found to regulate hippocampal neurogenesis. Induction of LTP at medial perforant path-granule cell synapses increased cell proliferation in the dentate gyrus and promoted the survival of 1-2 week old dentate granule neurons (Bruel-Jungerman et al., 2006) . This finding raises the possibility that activity-dependent plasticity in the dentate gyrus during learning may provide signals involved in learning-induced neurogenesis (Bruel-Jungerman et al., 2007) .
Adult hippocampal neurogenesis and disease states

Depression
The neurogenic hypothesis postulates that a reduced production of new neurons in the hippocampus relates to the pathogenesis of depression and that successful antidepressant treatment requires an enhancement in hippocampal neurogenesis (Duman et al., 2001 ). This hypothesis was initially predicated on several lines of evidence. First, there is abundant preclinical evidence that stress suppresses hippocampal neurogenesis (see previous section). Clinically, stressful life events are known to precipitate depression in vulnerable individuals (Gold and Chrousos, 2002) and about half of the patients suffering from depression (Carroll et al., 1968) have dysregulation of the HPA system. Second, most antidepressant treatments elevate hippocampal neurogenesis only following chronic administration, which parallels the time-course of the emergence of clinical therapeutic effects.
There is significant clinical data that demonstrates impaired declarative learning and memory and diminished cognitive flexibility in patients suffering from depression (Austin et al., 2001; Fossati et al., 2002) . In addition, by using magnetic resonance imaging, depressed individuals have been shown to have reduced hippocampal volume (Sheline et al., 1996; Sheline et al., 1999; Bremner et al., 2000) , with the magnitude of the atrophy related to the frequency of the depressive episodes and the duration for which the depression went untreated (Sheline et al., 2003) . Volumetric changes can be due to several mechanisms including, increased apoptosis of neurons or glia, a loss of neuropil, and decreased neurogenesis and/or gliogenesis in the dentate gyrus . Recent clinical (Czeh and Lucassen, 2007) and preclinical (Santarelli et al., 2003; McEwen, 2005) evidence suggests that the volumetric reductions are likely due to changes in neuropil, glial number, and/or dendritic complexity, not necessarily in cell proliferation (Reif et al., 2006) or apoptosis Muller et al., 2001 ).
Although hippocampal neurogenesis might not be involved in the pathogenesis of depression, it might be important for some of the therapeutic effects of antidepressant treatments . The several week delay in the therapeutic onset of antidepressant treatment coincides with the maturation time of newly born hippocampal neurons and that one reason for believing that adult hippocampal neurogenesis is a possible substrate for the actions of antidepressants . Numerous antidepressants from distinct classes, including monamine reuptake inhibitors, tricyclics, electroconvulsive shock (ECS), and phosphodiesterase inhibitors all specifically increase hippocampal neurogenesis in rodents (Madsen et al., 2000; Malberg et al., 2000; Manev et al., 2001; Nakagawa et al., 2002b) . Other treatments that have antidepressant effect, such as exercise (van Praag et al., 1999) and environmental enrichment (Meshi et al., 2006) , also increase hippocampal neurogenesis. The majority of newly-born cells adopt a neuronal phenotype (Malberg et al., 2000) . Although antidepressants do not affect fate determination of these cells, chronic (3 or 4 weeks) treatment of mice with fluoxetine accelerated the maturation of immature neurons (Wang et al., 2008b) . The ability of chronic antidepressant treatments to enhance the survival of newly born neurons is less well defined. One initial study showed that two weeks of fluoxetine treatment to rats did not alter cell survival (Malberg et al., 2000) , but a later study demonstrated that four weeks was effective in prolonging cell survival (Nakagawa et al., 2002a) . Another recent study demonstrated that chronic (28 days), but not acute (5 days), fluoxetine enhanced survival of postnatally-born hippocampal neurons in mice (Wang et al., 2008b) . Moreover, antidepressant treatments blocked the reductions in hippocampal neurogenesis caused by stress (Czeh et al., 2001; Malberg and Duman, 2003; Dranovsky and Hen, 2006) . Finally, ablation of adult neurogenesis in mice either by x-irradiation delivered specifically to the hippocampus (Santarelli et al., 2003; Saxe et al., 2006) or by transgenic approaches , failed to produce animals with a 'depressive' or 'anxious' behavioral phenotype, but blocked the ability of antidepressants to produce a behavioral response in the novelty suppression of feeding (NSF) paradigm, which is sensitive to chronic antidepressant treatments (Santarelli et al., 2003) . In rats, ablation of neurogenesis by x-irradiation, either specifically in the hippocampus (Jiang et al., 2005) or by whole-head radiation (Airan et al., 2007) , blocked the ability of a synthetic cannabinoid to modulate behavior in the forced swim test (FST) and NSF paradigm (Jiang et al., 2005) , and fluoxetine to affect immobility in the FST (Airan et al., 2007) . These data suggest that hippocampal neurogenesis alone, might not be a major contributor to development of depression, but is important for the beneficial effects of antidepressant treatments.
Although the neurogenic effects of antidepressant treatments have been well established in rodents, there are very few studies to date demonstrating the same effect in species more closely related to humans. In tree shrews, tianeptine reversed stress-induced reductions in hippocampal cell proliferation (Czeh et al., 2001) , while ECS increased hippocampal neurogenesis in bonnet monkeys, which are nonhuman primates (Perera et al., 2007) .
Even though almost all antidepressant treatments from many different classes all commonly increase hippocampal neurogenesis, the pharmacological substrates underlying the regulation of this process is lacking. Most of the information comes from studies manipulating the serotonergic system. The 5HT 1A receptor is essential for the fluoxetine-induced, but not imipramine-induced, increase in hippocampal neurogenesis (Santarelli et al., 2003) . The role of other serotonin receptors in modulating the serotonin antidepressant-induced increase in neurogenesis is unknown. There is also a lack of information regarding the mechanisms involved in enhancing neurogenesis with other types of antidepressant treatments.
The molecular mechanisms responsible for the positive neurogenic effects of antidepressant treatments are also not yet well understood. Chronic antidepressant treatments up-regulate the expression of growth and neurotrophic factors in the brain, including BDNF, FGF-2, VEGF, and IGF-I (Duman and Monteggia, 2006) . The increased survival of newly born neurons, but not increased proliferation, following treatment with a tricyclic antidepressant was blocked in BDNF +/-mice or TrkB dominant negative transgenic mice (Sairanen et al., 2005) . Administration of a Flk-1 receptor antagonist, which inhibits VEGF signaling, blocked the induction of cell proliferation following treatment with desipramine, fluoxetine, or ECS (Warner-Schmidt and Duman, 2007) . Antidepressant treatments also up-regulate the expression of the transcription factor, CREB (Nibuya et al., 1996) . In addition, the ability of desipramine, a tricyclic antidepressant, to elevate BDNF expression was blocked in CREB deficient mice, suggesting that BDNF is downstream of CREB signaling (Conti et al., 2002) . Interestingly, it was recently shown that mice lacking CREB α/Δ had enhanced basal levels of hippocampal cell proliferation and neurogenesis that were not further augmented by chronic desipramine treatment (Gur et al., 2007) .
Although it is well established that chronic antidepressant treatments increase hippocampal neurogenesis, it is unclear exactly which population of precursor cells these drugs are affecting. Recent studies have begun to shed light on this issue. The first study used a reporter mouse line to determine that fluoxetine did not affect the division of the stem-like cells in the SGZ, but increased the proliferation of ANPs without affecting the number of neuroblasts or immature neurons, suggesting that the increased number of neurons following fluoxetine administration is due to the expansion of these cells (Encinas et al., 2006) . A recent study demonstrated that chronic, but not subchronic, fluoxetine caused a decrease in the number of immature neurons and an increase in mature neurons, suggesting that chronic fluoxetine accelerated the maturation of newly born immature neurons (Wang et al., 2008a) . It is unclear whether antidepressants from different pharmacologic classes work through similar mechanisms.
A fundamental question that still needs to be answered is, what are the functional consequences for the neural circuitry of the dentate gyrus once these new neurons are incorporated following antidepressant treatment. Chronic, but not subchronic, fluoxetine treatment to mice enhanced a form of long-term potentiation (LTP) in the dentate gyrus that was blocked when mice were administered x-irradiation focally to the hippocampus (Wang et al., 2008a) . Chronic (14 days) fluoxetine and imipramine treatment given to rats enhanced circuit level activity in the dentate gyrus, and whole head irradiation blocked the effects of fluoxetine on hippocampal neurophysiology, whereas chronic treatment with the typical antipsychotic, haloperidol, did not affect network dynamics (Airan et al., 2007) . Future investigations will inform us how enhancement of dentate gyrus function following antidepressant treatment affects the contribution of other subfields of the hippocampus to circuit level output as well as other brain structures associated with depression downstream of the hippocampal formation . The key question is how changes in neurogenesis may be translated into changes in affective behavior that could be beneficial in treating depression.
Schizophrenia
It has recently been shown that neural stem cell proliferation in the hippocampus, as measured by Ki-67 immunohistochemistry, was decreased in patients with schizophrenia, and that this deficiency might contribute to the pathogenesis of the disease (Reif et al., 2006) . Genetic studies during the past decade have identified genes associated with schizophrenia risk. One such gene is Disrupted-In-Schizophrenia 1 (DISC1), which was originally identified in a study that revealed a chromosomal translocation with strong linkage to schizophrenia (Millar et al., 2000) . DISC1 is broadly expressed in the embryonic brain (Austin et al., 2004) and plays a role during neuronal development (Millar et al., 2003) . A recent study investigated the role of DISC1 in adult hippocampal neurogenesis (Duan et al., 2007) . DISC1 knockdown, via an RNA interference approach, in newborn dentate granule cells of the adult hippocampus lead to soma hypertrophy, accelerated dendritic outgrowth with appearance of ectopic dendrites, mispositioning from overextended migration, enhanced intrinsic excitability, and accelerated synapse formation of new neurons (Duan et al., 2007) . Their results suggest that DISC1 orchestrates the tempo of functional neuronal integration in the adult brain and demonstrates essential roles of a susceptibility gene for major mental illness in neuronal development, including adult neurogenesis (Duan et al., 2007) .
Another gene that has been linked to schizophrenia is NPAS3. A disruption in the human NPAS3 gene was recently reported in a family suffering from schizophrenia (Kamnasaran et al., 2003) . There was a translocation between chromosomes 9 and 14 that resulted in truncation of the NPAS3 gene between exons 2 and 3. It is predicted that the protein product would contain an intact bHLH DNA-binding domain missing both PAS domains and all amino acids Cterminal to the PAS domains. As described previously, NPAS3 knockout mice have reduced levels of hippocampal cell proliferation associated with deficits in FGF-1 receptor mRNA (Pieper et al., 2005) . Moreover, mice that lacked this transcription factor exhibited a reduction in reelin (Erbel-Sieler et al., 2004) , a large, secreted protein whose expression was attenuated in the postmortem brains of patients with schizophrenia (Impagnatiello et al., 1998) . Interestingly, reelin knockout mice displayed marked reductions in adult hippocampal neurogenesis, but elevated levels of gliagenesis (Zhao et al., 2007b) .
Studies have also investigated the effects of antipsychotic treatments on hippocampal neurogenesis. Antipsychotic drugs have been divided into two broad classes, typical and atypical, based on their propensity for producing extrapyramidal side effects (De Oliveira and Juruena, 2006) . Chronic treatment with the typical antipsychotic haloperidol had no effect on hippocampal neurogenesis in rats (Madsen et al., 2000; Malberg et al., 2000; Manev et al., 2001; Nakagawa et al., 2002b) , but acute treatment increased cell proliferation in gerbils (Dawirs et al., 1998) . However, atypical antipsychotics have been shown to regulate hippocampal neurogenesis. Chronic treatment with olanzapine (Kodama et al., 2004 ) elevated neurogenesis, while clozapine increased cell proliferation without affecting survival (Halim et al., 2004) . Chronic treatment with clozapine, but not haloperidol, prevented phencyclidine-induced decreases in hippocampal cell proliferation; neither drug affected cell proliferation when administered alone (Maeda et al., 2007) . However, the stimulatory effects of atypical antipsychotics on hippocampal neurogenesis have not been consistently reported, as some have found no effects following administration of olanzapine (Wakade et al., 2002; Wang et al., 2004) or clozapine .
In summary, these data suggest that alterations in adult hippocampal neurogenesis might be involved in the pathogenesis of schizophrenia. Impairments in the proliferative capacity of the hippocampus might contribute to the cognitive deficits observed in schizophrenia. It is possible that antipsychotics may produce their therapeutic effects, in part, by reversing the deficits in hippocampal neurogenesis (Reif et al., 2006) . Drugs that are more effective at increasing neurogenesis might be more efficacious at counteracting the cognitive deficits associated with schizophrenia.
Epilepsy
Seizure activity influences dentate granule cell neurogenesis. Epileptic seizures initially trigger cell death of selective neuronal populations (Gorter et al., 2003) . Animal studies of limbic epileptogenesis or acute seizures indicate that prolonged seizures potently stimulate hippocampal neurogenesis (Bengzon et al., 1997; Parent et al., 1997; Scott et al., 1998) , as well as angiogenesis (Hellsten et al., 2005) . In the adult rodent, kainate and pilocarpine models of temporal lobe epilepsy (TLE), and chemoconvulsant-induced status epilepticus (SE) robustly increase dentate gyrus cell proliferation after a latent period of at least several days (Parent et al., 1997; Gray and Sundstrom, 1998) . Approximately 80-90% of the newly generated cells differentiate into granule cells. However, some of these new cells may be recruited from SVZderived gliogenesis, and seizures may attract newly generated glia to regions of hippocampal damage (Parent et al., 2006a) .
Although more severe seizures enhance neurogenesis to a greater extent, the survival of newborn neurons may decrease with increased seizure severity (Mohapel et al., 2004) . Moreover, while shortly after the induction (16 days) of TLE, the injured hippocampus exhibited increased dentate neurogenesis, the chronically epileptic hippocampus (5 months after the first seizure), showed severely declined neurogenesis, which was associated with considerable spontaneous recurrent motor seizures (Hattiangady et al., 2004) . Chronic TLE in humans is associated with decreased neurogenesis in the hippocampus (Mathern et al., 2002; Fahrner et al., 2007) .
Seizures not only affect the production of new neurons, but also induce dispersion of at least some of the neurogenic cells to ectopic locations. The granule cell layer in patients with TLE is often abnormal due to dispersion and the presence of ectopic granule-like neurons in the hilus and inner molecular layer (Houser, 1990; Parent et al., 2006b) . Hilar ectopic granule cells are also observed in several animal models of TLE and may persist for many months (Dashtipour et al., 2001; Parent et al., 2006b ). Hilar-ectopic granule-like cells display an accelerated functional maturation resulting in persistent hyperexcitability, fire in abnormal bursts synchronously with CA3 pyramidal cells, and exhibit a much higher percentage of persistent basal dendrites than is normally found (Scharfman et al., 2000; Dashtipour et al., 2001; Overstreet-Wadiche et al., 2006b ). The antimitotic agent AraC was shown to inhibit hippocampal neurogenesis after pilocarpine treatment, and resulted in fewer and shorter spontaneous recurrent seizures (Jung et al., 2004) . As a fraction of the newly born neurons become GABAergic interneurons, a decline in neurogenesis may contribute to the increased seizure susceptibility of the DG during chronic epilepsy . Taken together, these data suggest that hilar-ectopic granule cells integrate abnormally and might contribute to seizure generation or propagation.
The mechanisms by which seizure activity stimulates neurogenesis or gliogenesis are unknown. Epileptic activity directly stimulates dentate gyrus and caudal SVZ precursors (Parent et al., 1999; Parent et al., 2006a) , but may act to increase neurogenesis indirectly through activation of astrocytes, which stimulate hippocampal neurogenesis via wnt signaling and perhaps other mechanisms (Song et al., 2002; Lie et al., 2005) . Seizures also increase the expression of growth factors (Humpel et al., 1993) and neurotrophins (Isackson et al., 1991) , which promote neurogenesis. Alternatively, SE-induced death of some mature granule cells may increase cell turnover in the dentate gyrus via other mechanisms (Parent, 2007) . Seizure activity might also alter neurotransmitter or neuromodulatory systems that normally influence neurogenesis (Parent, 2007) .
In terms of potential mechanisms underlying hilar-or molecular-layer ectopic cells, it is possible that a loss of GABA caused by SE-induced depletion of dentate interneurons could be responsible, as GABA influences differentiation of newly born hippocampal neurons and decreases neuroblast migration in the SVZ-olfactory bulb pathway (Liu et al., 2005) . Neurotrophins might also play a role in aberrant migration, as chronic infusion of BDNF into the hippocampus of adult rats led to the appearance of ectopic dentate granule cells .
Production of adult-born neurons increases in rodent models of temporal lobe epilepsy, and both newborn and pre-existing granule neurons contribute to aberrant axonal reorganization in the epileptic hippocampus (Parent, 2007) . Prolonged seizures also disrupt the migration of dentate granule cell progenitors and lead to hilar-ectopic granule cells. The ectopic granule neurons appear to integrate abnormally and contribute to network hyperexcitability. Seizuregenerated new neurons may thus be involved in the recurrent continuation of seizure activity in rodent models. Similar findings of granule cell layer dispersion and ectopic granule neurons in human TLE suggest that aberrant neurogenesis contributes to epileptogenesis and learning and memory disturbances. Manipulation of adult neurogenesis for therapeutic purposes therefore is likely to involve suppression of aberrant integration in certain instances rather than simply stimulation of neurogenesis for neuronal replacement (Parent, 2007) .
Diabetes mellitus
Diabetes mellitus, regardless of its type, is associated with cerebral alterations in both humans and animal models of the disease (Gispen and Biessels, 2000; Selvarajah and Tesfaye, 2006) . These alterations include decreased hippocampal synaptic plasticity (Gispen and Biessels, 2000) , neurotoxicity, and changes in glutamate neurotransmission (Gardoni et al., 2002; Valastro et al., 2002) . A streptozotocin model of type 1 diabetes reduced proliferation and survival in the adult hippocampus of both mice (Saravia et al., 2004; Beauquis et al., 2006; Saravia et al., 2006) and rats (Jackson-Guilford et al., 2000; Zhang et al., 2008b) . Interestingly the reductions in cell proliferation caused by streptozotocin, were prevented by estrogen (Saravia et al., 2004) and chronic fluoxetine administration. It has been recently shown that hippocampal cell proliferation and survival, but not cell fate determination were impaired in female nonobese diabetic (NOD) mice, a spontaneous type-1 diabetes model (Beauquis et al., 2008) . Diabetes mellitus, or type-2 diabetes, is associated with cognitive deficits and an increased risk of dementia, particularly in the elderly (Gispen and Biessels, 2000) . db/db mice, which have a mutation that inactivates the leptin receptor, are a model of type-2 diabetes. These insulin-resistant mice had impairments of LTP in the dentate gyrus and impaired learning in the Morris water maze (MWM), a hippocampal-dependent task (Stranahan et al., 2008) . The deficits in hippocampal plasticity and cognition were associated with increased circulating levels of corticosterone along with impairments in hippocampal cell proliferation and survival, but not differentiation. Changes in hippocampal plasticity and function in both models were reversed when normal physiological levels of corticosterone were maintained, which suggests that the cognitive impairment in diabetes may result from glucocorticoid-mediated deficits in neurogenesis and synaptic plasticity (Stranahan et al., 2008) . The deficits in hippocampal neurogenesis caused by hyperglycemia may shed light on causes of diabetic neuropathology and provide an explanation for the memory deficiencies seen in some diabetic patients (Zhang et al., 2008b) . Drugs that could enhance neurogenesis, either through direct or indirect mechanisms, such as glucocorticoid regulation, might be viable therapeutic options for treating patients suffering from cognitive deficits caused by diabetes.
Concluding remarks
The addition of new neurons to the adult hippocampus can influence its structure and function by multiple possible mechanisms and provides a new mechanism of plasticity that can be used to change the properties of certain neural circuits. Neurogenesis could serve to increase the number of dentate granule cells, provide a reservoir of highly plastic immature neurons, generate multiple cell types, and/or drive the turnover and replacement of mature granule cells . There are several models regarding the role of neurogenesis in hippocampal function. These new neurons might be involved in refining the hippocampal circuitry, optimizing it for future memory storage (Kempermann, 2002) . Another idea is that adult-born neurons are involved in hippocampal trace memories and play a role in establishing temporal contiguity between events (Ehninger and Kempermann, 2008) . Young granule neurons have enhanced plasticity, which allows for the preferential association of representations that are closely related in time (Aimone et al., 2006) . Computational modeling has highlighted the merits of the net addition and replacement of neurons. The addition of new neurons to the network would increase its storage capacity and prevent the collapse of network function due to increased connectivity following increased memory storage (Wiskott et al., 2006) . Advantages include a better ability to adapt to new information by avoiding catastrophic interference, increasing the stability of newly acquired information (Chambers et al., 2004) , or improving recall by minimizing interference between highly similar items (Becker, 2005) . The role adult neurogenesis plays in hippocampal function and disease etiology will begin to be more understood as more selective, inducible, and reversible manipulations of in vivo neurogenesis are developed. The discovery of novel therapeutic compounds for various diseases may involve mechanisms that induce a superior regulation of adult hippocampal neurogenesis. Table 1 Effects of various growth factors on adult hippocampal neurogenesis. Abbreviations: FGF-1R (fibroblast growth factor-1 receptor), FGF-2 (fibroblast growth factor-2), i.c.v. (intracerebraventricular), IGF-I (insulin-like growth factor one), LID (liver insulin deficient), VEGF (vascular endothelial growth factor). Table 2 Regulation of adult hippocampal neurogenesis by neurotrophic factors. Abbreviations: BDNF (brain derived neurotrophic factor), CNTF (ciliary neurotrophic factor), NT-3,-4 (neurotrophin-3,-4), NGF (nerve growth factor) 
